The endocannabinoid anandamide (AEA) induces cell death in many cell types, but determinants of AEA-induced cell death remain unknown. In this study, we investigated the role of the AEAdegrading enzyme fatty acid amide hydrolase (FAAH) in AEA-induced cell death in the liver. Primary hepatocytes expressed high levels of FAAH and were completely resistant to AEA-induced cell death, whereas primary hepatic stellate cells (HSCs) expressed low levels of FAAH and were highly sensitive to AEA-induced cell death. Hepatocytes that were pretreated with the FAAH inhibitor URB597 or isolated from FAAH ؊/؊ mice displayed increased AEA-induced reactive oxygen species (ROS) formation and were susceptible to AEA-mediated death. Conversely, overexpression of FAAH in HSCs prevented AEA-induced death. Since FAAH inhibition conferred only partial AEA sensitivity in hepatocytes, we analyzed additional factors that might regulate AEA-induced death. Hepatocytes contained significantly higher levels of glutathione (GSH) than HSCs. Glutathione depletion by DL-buthionine-(S,R)-sulfoximine rendered hepatocytes susceptible to AEA-mediated ROS production and cell death, whereas GSH ethyl ester prevented ROS production and cell death in HSCs. FAAH inhibition and GSH depletion had additive effects on AEA-mediated hepatocyte cell death resulting in almost 70% death after 24 h at 50 M AEA and lowering the threshold for cell death to 500 nM. Following bile duct ligation, FAAH ؊/؊ mice displayed increased hepatocellular injury, suggesting that FAAH protects hepatocytes from AEA-induced cell death in vivo. In conclusion, FAAH and GSH are determinants of AEAmediated cell death in the liver.
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Arachidonyl ethanolamide, also termed anandamide (AEA), 2 is the main endogenous agonist among a recently discovered class of lipid mediators termed endocannabinoids. Endocannabinoids evoke a wide spectrum of physiological actions that are mostly mediated through the G-protein-coupled cannabinoid receptors CB1 and CB2 (1, 2) but can also be independently of these receptors (3-7) and through vanilloid receptor 1 (VR1) (8) . Endocannabinoids were initially described to play major roles in the central nervous system, where they regulate food intake, pain perception, and sleep. More recent studies have shown that endocannabinoids are also involved in the regulation of immunity, cell growth, and inflammation (reviewed in Ref. 9) . Anandamide evokes different cellular responses including proliferation, growth arrest, decreased cell contractility, cell death, and anti-inflammatory pathways (6, 10 -16) . Anandamide has been shown to activate JNK, Erk, ROS, and Ca 2ϩ (17) (18) (19) (20) . In the liver, AEA is elevated in diseases such as acute hepatitis, fatty liver, and compensated liver cirrhosis (3, 21, 22) . We have demonstrated that AEA efficiently mediates cell death in primary hepatic stellate cells (HSCs), the main fibrogenic cell type in the liver, but not in primary hepatocytes (6) . This different response to AEA renders AEA a candidate for antifibrotic therapy in the liver since elimination of activated HSC is a mechanism to terminate the fibrogenic response, whereas hepatocyte cell death is involved in promoting fibrogenesis (23) . AEA-induced cell death in HSCs depends on the presence of membrane cholesterol and subsequent formation of ROS and intracellular Ca 2ϩ (6) . Although we reported a difference in membrane cholesterol content and AEA binding between hepatocytes and HSCs, these factors alone are unlikely to explain the remarkable difference in susceptibility to AEA-mediated death.
In this study, we investigated intracellular factors that potentially modulate AEA-induced cell death. Our study focuses on two candidate systems that may contribute to the resistance to AEA: (i) the AEA degrading enzyme fatty acid amide hydrolase (FAAH), which is highly expressed and active in the liver and represents the main mechanism that determines the biological half-life of AEA (24 -26) , and (ii) GSH, a major determinant of apoptotic and necrotic cell death in hepatocytes that renders hepatocytes resistant to TNF-induced cell death (27, 28) . Our study shows that high expression levels of GSH and FAAH correlate with resistance to AEA-mediated cell death in primary hepatic cell populations and that FAAH is a determinant of cell death in the liver in vivo.
EXPERIMENTAL PROCEDURES
Isolation of Primary Hepatocyte and Hepatic Stellate Cells-Primary rat hepatocytes were isolated from male Sprague-Dawley rats (225-250 g, n ϭ 15) by collagenase perfusion and cultured as described previously (6) . Primary mouse hepatocytes were isolated from male FAAH Ϫ/Ϫ mice or C57BL/6 FAAH ϩ/ϩ controls (24) as described previously (29) .
Primary HSCs were isolated by a two-step Pronase-collagenase perfusion from livers of male Sprague-Dawley rats (300 -450 g, n ϭ 20) followed by a Nycodenz (Axis Shields, Oslo, Norway) two-layer discontinuous density gradient centrifugation as described previously (6) . Purity of rat HSCs was consistently higher than 95%, as determined by vitamin A fluorescence 2 days after isolation. Hepatic stellate cells were cultured on uncoated plastic tissue culture dishes and considered cul-* This study was supported by a research scholar award from the American Gastroenterological Association (to R. F. S.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 1 To whom correspondence should be addressed: Columbia University, P&S 9-460 . Where indicated, cells were pretreated with GSH ethyl ester (Sigma), the FAAH inhibitors URB597 or oleoyl ethyl amide (both from Cayman Chemicals), the ␥-glutamyl cysteine synthase inhibitor DL-buthionine-(S,R)-sulfoximine (BSO; Sigma), CB1 antagonist SR141716, CB2 antagonist SR144528 (Sanofi-Synthélabo, Montpellier, France), VR1 antagonist capsazepine (Sigma), or the pan-caspase inhibitor Z-VAD-FMK (R&D). Cell death in HSCs was measured by lactate dehydrogenase (LDH) release into the culture medium according to the manufacturer's instructions (Roche Applied Science) and by propidium iodide (PI) fluorescence (Sigma) as described previously (6) . Apoptosis was visualized by fluorescent microscopy using an annexin V/PI staining kit (Roche Applied Science) according to the manufacturer's instructions. DNA laddering was performed as described previously (30) .
Adenovirus Construction and Infection-Mouse FAAH (31) was excised from pcDNA3.0 and inserted into AdTrack using XbaI and KpnI sites. AdTrack was linearized with PmeI and electroporated into AdEasy1 containing competent BJ 5183-AD1 bacteria (Stratagene, La Jolla, CA). Recombinants were screened using BSTX1 and, after linearization with PacI, transfected into HEK293 cells. After 10 days, 293 cells were lysed, and another round of HEK293 cells was infected to obtain cell lysates that were purified on a CsCl density gradient. Rat HSCs or FAAH Ϫ/Ϫ mouse hepatocytes were infected with the FAAH-expressing adenoviruses (AdFAAH) or an AdTrack-based GFP-expressing control virus (Ad5GFP) at a multiplicity of infection of 50, achieving transduction rates of at least 90%. FAAH Activity Assay-FAAH activity was measured according to the method described by Patricelli and Cravatt (32) . In brief, serum-starved activated rat HSCs (1.5 ϫ 10 5 cells/well), rat hepatocytes (4 ϫ 10 5 cells/ well), or whole liver tissue were lysed in 20 mM Hepes, pH 7.8, containing 10% glycerol, 150 mM NaCl, and 1% Triton X-100 at 4°C. After centrifugation, 20 l of the supernatant were added to 175 l of reaction buffer (125 mM Tris, pH 9.0, and 1 mM EDTA) containing 1 M FAAH substrate decanoyl m-nitroaniline (Cayman Chemicals), measured at 390 nm in a multiwell platereader (Fluostar Optima, BMG, Offenburg, Germany), and normalized to protein content as determined by Bradford assay.
Detection Quantitative Real-time-PCR Analysis-RNA was isolated from serum-starved activated rat HSCs (day 7) and rat hepatocytes using the TRIzol method (Invitrogen). After DNase treatment, RNA was reverse-transcribed using random hexamer primers. Real-time PCR was performed for 40 cycles of 15 s at 95°C and 60 s at 60°C using an ABI 7000 sequence detection system (Applied Biosystems, Foster City, CA). Each sample was measured in duplicate, and quantification was performed by comparing the threshold cycle C ϩ values of each sample to a standard curve. Probes and primers for rat FAAH, CB1, CB2, VR1, and 18s were designed by ABI. FAAH, CB1, CB2, and VR1 levels were normalized to 18s and are expressed as fold induction in comparison with respective controls.
Western Blot Analysis-Electrophoresis of protein extracts and subsequent blotting were performed as described (33) . Blots were incubated with rabbit anti-FAAH (Cayman Chemical), anti-caspase-3, or anti-PARP (both from Cell Signaling Technologies, Beverly, MA) antibodies at a dilution of 1:1000 overnight at 4°C. After incubation with secondary horseradish peroxidase-conjugated antibody (Santa Cruz Biotechnology, Santa Cruz, CA), the bands were visualized by the enhanced chemiluminescence light method (Amersham Biosciences) and exposed to a chemiluminescence imager (Image Station 2000R, Eastman Kodak Co.). Blots were reprobed with anti-actin mouse antibody (MP Biomedicals) to demonstrate equal loading.
Measurement of Cellular Glutathione Levels-Serum-starved activated rat HSCs (1 ϫ 10 6 /well) and rat hepatocytes (4 ϫ 10 6 /well) were washed three times with ice-cold phosphate-buffered saline and scraped into 1ϫ MES lysis buffer. Total intracellular GSH levels were determined by the 5,5Ј-dithiobis(nitrobenzoic acid) method according to the manufacturer's instructions (Cayman Chemical) and measured at 405 nm using a multiwell platereader (Fluostar Optima, BMG).
Statistical Analysis-All data represent the mean of three independent experiments Ϯ S.E., if not otherwise stated. Unpaired two-tailed Student's t tests or, where indicated, Mann-Whitney U tests, were performed to determine statistical significance using SigmaStat (SPSS, Chicago, IL). p values of Ͻ0.05 were considered to be statistically significant.
RESULTS

Anandamide Induces ROS Production and Cell Death in HSCs but
Not in Hepatocytes-Anandamide induced an extremely rapid onset of cell death in primary rat HSCs with more than 40% cell death occurring after 2 h at 25 and 50 M (Fig. 1A) . After 24 h, more than 80% of HSCs underwent cell death and were PI-positive (Fig. 1, A and B) , confirming our previous results that HSCs are extremely sensitive to undergoing AEA-induced necrosis (6) . Hepatocytes, on the other hand, showed no increase in cell death after AEA treatment even at the highest doses of 100 M (Fig. 1A) , neither was there an increase in PI-positive cells (Fig. 1B) . We had previously shown that ROS contribute to AEA-mediated death in HSCs (6). We therefore investigated whether ROS production after AEA differed between HSCs and hepatocytes. Indeed, hepatocytes showed a much lower production of ROS after AEA than HSCs, whereas H 2 O 2 induced a comparable increase in CM-H 2 DCFDA-fluorescence in both cell types (Fig. 1C) .
FAAH Determines Resistance to AEA-mediated Death in Hepatocytes-Anandamide is inactivated by the cell membrane enzyme FAAH, and it has previously been shown that the liver is the organ with the highest expression and activity levels of FAAH (24 -26) . We compared the levels of FAAH in rat hepatocytes and rat HSCs to investigate whether a differential expression of FAAH may contribute to the different AEA response in these two cell types. Indeed, rat hepatocytes expressed 70-fold higher levels of FAAH than rat HSCs as determined by quantitative real-time PCR (Fig. 2A , p Ͻ 0.01). To confirm these data, we performed Western blot analysis to detect FAAH protein expression. Although FAAH was robustly expressed in rat hepatocytes, almost no FAAH was detectable in rat HSCs by Western blot (Fig. 2B) . Accordingly, no FAAH activity was detectable in rat HSCs, whereas rat hepatocytes exhibited high FAAH activity, which was completely blocked by preincubation with URB597, a highly selective FAAH inhibitor (Fig. 2C) (34) . Next, we investigated whether FAAH contributes to the resistance to AEA-mediated cell death by pretreating hepatocytes with URB597. URB597 sensitized hepatocytes to the effects of AEA with more than 40% cell death (Fig. 2D, left panel) and strong PI uptake (Fig. 2D,  middle panel) , suggesting that FAAH is indeed critically involved in the resistance to AEA. Similar data were obtained using another FAAH inhibitor, oleoyl ethyl amide (data not shown). Pretreatment with URB597 also increased AEA-induced ROS production in hepatocytes, whereas URB597 alone did not increase ROS (Fig. 2D, right  panel) . In contrast to AEA, methanandamide, an AEA analogue that is resistant to FAAH-mediated degradation, was capable of inducing cell death in rat hepatocytes (Fig. 2E, p Ͻ 0.05) . To further investigate the role of FAAH in AEA-induced cell death, we constructed an FAAH-expressing adenovirus (AdFAAH), allowing us to overexpress FAAH in HSCs. Infection with AdFAAH resulted in a strong expression of FAAH and high levels of FAAH activity in HSCs (Fig.  2F) . AdFAAH induced almost complete resistance to AEA-mediated death up to doses of 25 and 50 M with less than 20% cell death and no increase in PI uptake (Fig. 2G) . At 100 M AEA, AdFAAH conferred partial protection to HSCs. In contrast, HSCs infected with the GFP-expressing control virus (AdGFP) remained sensitive to AEA-induced cell death (Fig. 2G, left panel) and showed a strong uptake of PI and leakage of GFP as signs of necrotic cell death (Fig.  2G, right panel) (Fig. 3A , p Ͻ 0.05). We observed almost 40% cell death after 24 h of 50 M AEA, which is comparable with the amount of cell death induced by AEA in the presence of FAAH inhibitors. When we infected FAAH Ϫ/Ϫ hepatocytes with AdFAAH, resistance to AEAmediated death was completely restored, whereas hepatocytes infected with AdGFP showed strong uptake of PI and GFP leakage as signs of necrosis (Fig. 3B) . FAAH Does Not Determine AEA Cellular Uptake-Fatty acid amide hydrolase has not only been implicated in the degradation of AEA but also as a determinant of AEA cellular uptake (35) . To investigate whether FAAH was involved in the uptake of AEA in hepatocytes and HSCs, we analyzed AEA cellular uptake in FAAH Ϫ/Ϫ hepatocytes that had been infected with AdFAAH or AdGFP. Hepatocytes that overexpressed FAAH showed no different rate of AEA uptake from the GFPoverexpressing FAAH Ϫ/Ϫ mice, indicating that FAAH is not involved in AEA uptake in hepatocytes (Fig. 3C, left panel) . Similarly, FAAH overexpression in HSCs, which do not express significant amounts of FAAH, did not increase AEA uptake (Fig. 3C, right panel) . GSH Levels Determine Sensitivity to AEA-mediated Death-Although pharmacological or genetic inactivation of FAAH resulted in a sensitization to AEA-mediated death, only about 40% of hepatocytes died after 24 h of AEA treatment, whereas HSCs showed more than 80% cell death after 24 h. These data suggest the presence of additional mechanisms that render hepatocytes resistant to the effects of AEA. Because ROS formation is crucial for the cytotoxic effects of AEA, we determined whether hepatocytes possess more efficient antioxidant defenses than HSCs. GSH is a major cellular defense system against ROS and protects hepatocytes from undergoing necrotic and apoptotic cell death (27, 28) . Measurement of GSH levels in hepatocytes and HSCs showed that hepatocytes contained 10-fold higher amounts of GSH than HSCs (Fig. 4A, p Ͻ 0.05) . Pretreatment with the ␥-glutamyl cysteine synthase inhibitor BSO efficiently depleted GSH in hepatocytes (Fig. 4A) and rendered hepatocytes sensitive to AEA-mediated death (Fig. 4B, p Ͻ 0.05) . Conversely, GSH ethyl ester pretreatment protected HSCs from undergoing cell death after AEA (Fig. 4B, p Ͻ 0.05) . Accordingly, AEAinduced intracellular ROS production was increased in hepatocytes after GSH depletion (Fig. 4A, right panel) , whereas GSH ethyl ester pretreatment of HSCs reduced ROS production (Fig. 4B, right  panel) . Although HSCs did not contain large amounts of GSH, pretreatment with BSO also sensitized HSCs to AEA-mediated cell death and lowered the threshold for AEA-induced cell death to 1 M after 4 h of AEA (Fig. 4C) . When hepatocytes were pretreated with a combination of BSO and URB597, AEA induced almost 70% cell death at a concentration of 50 M, and the threshold for AEA-induced cell death was lowered to 500 nM (Fig. 4D) . Thus, FAAH and GSH are main determinants of AEA-induced cell death in the liver.
AEA Induces Necrosis in Hepatocytes after GSH Depletion or FAAH Inhibition-We had previously shown that AEA induces necrosis and not apoptosis in HSCs. However, in hepatoma cell lines, we find that AEA induces apoptosis. 3 To determine whether necrosis or apoptosis was the predominant form of AEA-induced death in hepatocytes after GSH depletion or FAAH inhibition, we tested whether AEA induced caspase-3 cleavage and the 85-kDa PARP cleavage product, two hallmarks of apoptosis. In contrast to hepatocytes that were treated with TNF␣ plus actinomycin D, we did not observe caspase-3 or PARP cleavage in hepatocytes treated with combinations of BSO, URB597, and AEA (Fig. 5A) . Additionally, AEA-treated hepatocytes were not annexin V-positive but instead showed strong uptake of PI (Fig. 5B) . Although TNF␣ plus actinomycin D induced DNA ladder formation, another typical feature of apoptosis, combinations of BSO, URB597, and AEA, did not induce DNA ladder formation (Fig. 5C) . Pretreatment with the pan-caspase inhibitor Z-VAD-FMK blocked TNF␣ but not AEA-induced cell death (Fig. 5D) . Altogether, these data suggest that after GSH depletion and FAAH inhibition, AEA-mediated death in hepatocytes is purely necrotic. Next, we determined whether AEA-mediated cell death in hepatocytes is mediated by CB1, CB2, or VR1 receptors. Quantitative real-time PCR showed that cultured primary rat hepatocytes did not express significant amounts of either CB1 or CB2 in comparison with brain or spleen, respectively, whereas VR1 mRNA was about 10% of the levels found in brain (Fig. 5E) . Accordingly, the CB1 antagonist SR141716 and the CB2 antagonist SR144528 did not protect hepatocytes sensitized with BSO and URB597 from AEA-induced cell death (Fig. 5F) . Moreover, the VR1 antagonist capsazepine did not show protective effects (Fig. 5F ), suggesting that AEA-mediated cell death in hepatocytes is independent of CB1, CB2, and VR1.
FAAH Determines Hepatocellular Injury in Vivo-To characterize the regulation of FAAH during liver injury, we measured the levels of FAAH expression and activity after bile duct ligation. In this model of hepatic injury, FAAH mRNA expression and activity significantly decreased (Fig. 6, A and B) . To follow up on our in vitro results that showed a crucial role for FAAH in protecting hepatocytes from AEAinduced cell death, we performed bile duct ligation in FAAH Ϫ/Ϫ and FAAH ϩ/ϩ mice and sacrificed mice after 5 days to determine hepatic injury. After bile duct ligation, serum levels of aspartate aminotransferase and alanine aminotransferase, two indicators of hepatocellular injury, were 6-fold higher in FAAH Ϫ/Ϫ mice in comparison with FAAH ϩ/ϩ mice (Fig. 6C , p Ͻ 0.05). Consistent with these measurements, we detected a higher number of necrotic areas in FAAH Ϫ/Ϫ mice after bile duct ligation (Fig. 6D) , suggesting that FAAH is indeed required to protect hepatocytes from anandamide-induced cell death in vivo.
DISCUSSION
The ability to induce cell death in a wide range of non-transformed and cancer cells has made AEA an interesting target for cancer and inflammatory and degenerative diseases (9, 37) . Knowledge about mechanisms that determine AEA sensitivity in primary cells may be useful for therapeutic exploitation of the endocannabinoid system. We have recently described that the endocannabinoid AEA selectively induces cell death in primary HSCs, the main fibrogenic cell type of the liver, but does not induce death in primary hepatocytes (6) . A selective induction of cell death in HSCs has been linked to the resolution of liver fibrosis, whereas cell death in hepatocytes worsens liver function and promotes fibrogenesis (23) . These properties suggest that modulation of the endocannabinoid system may be useful for the treatment of hepatic injury and fibrosis.
Fatty acid amide hydrolase is the main AEA-degrading enzyme. Among all organs, the liver has the highest FAAH expression and activity levels (24 -26) . However, the function of FAAH in the liver has not been determined. Although previous studies have shown that FAAH is involved in limiting the effects of AEA on nociception, anxiolysis, and hemodynamics (24, 36) , the role of FAAH in AEA-mediated cell death remains unclear. One study reported that an increase of FAAH activity induced by follicle-stimulating hormone correlated with reduced AEAinduced cell death in Sertoli cells (37) . We now present several lines of 3 S. V. Siegmund and R. F. Schwabe, unpublished observation. After pharmacological or genetic inactivation of FAAH, AEA-mediated cell death was only partial with about 40% of hepatocytes undergoing cell death, whereas HSC showed almost 90% cell death after AEA. Therefore, additional mechanisms must contribute to the resistance of hepatocytes to AEA. Glutathione is a major determinant of apoptotic and necrotic cell death in the liver and acts as a scavenger for ROS (27, 28, 38) . Moreover, ROS generation is required for AEA-mediated cell death in HSCs but is almost absent in primary hepatocytes after AEA. Our data shows that the cellular GSH content is an additional factor that determines the response to AEA-induced cytotoxicity. Hepatocytes contain high levels of GSH and thus are able to block ROS generation evoked by AEA. When hepatocytes are depleted of GSH, they not only show an enhanced rate of ROS formation but also become susceptible to AEA-mediated cell death. Conversely, the low GSH levels in HSCs render them more susceptible to AEA, and pretreatment with GSH ethyl ester confers resistance to AEA in HSCs. Interestingly, the effects of FAAH inhibition and GSH depletion in hepatocytes are additive, demonstrating that resistance to AEA indeed occurs at different levels. The combination of FAAH inhibition and GSH depletion lowers the threshold for AEA-induced cell death in hepatocytes to 500 nM, a concentration that is close to the range of AEA levels in liver disease (3, 21, FIGURE 5. FAAH inhibition and GSH depletion induce necrosis, but not apoptosis, in hepatocytes after AEA treatment. A-C, rat hepatocytes were pretreated with BSO (100 M), URB597 (10 M), or both for 1 h and then exposed to vehicle or AEA (100 M) for 24 h or less where indicated or treated with actinomycin D (ActD) plus TNF␣. A, Western blotting was performed with antibodies directed against caspase-3, PARP, and actin. B, apoptotic cell death is indicated by green fluorescence of annexin V (Ann V), and necrotic cell death is indicated by red fluorescence PI. C, DNA was extracted and analyzed on a 1.8% agarose gel. D, BSO-or URB597-pretreated rat hepatocytes were exposed to the pan-caspase inhibitor Z-VAD-FMK (20 M) for 30 min followed either by incubation with AEA (100 M) or by treatment with actinomycin plus TNF␣ for 16 h. Cell death was measured by LDH assay (*, p Ͻ 0.05). E, mRNA expression of CB1, CB2, and VR1 receptors in primary rat hepatocytes (rHep, n ϭ 3) and control tissue (rat brain for CB1 and VR1, rat spleen for CB2) was determined by quantitative real-time PCR. F, primary rat hepatocytes were incubated with BSO (100 M), URB597 (10 M), SR141716 (SR1; 5 M), SR144528 (SR2; 5 M), or capsazepine (CPZ; 10 M) for 1 h followed by treatment with vehicle or AEA (25 M) for 24 h. Cell death was analyzed by LDH release. FIGURE 6. FAAH determines liver injury after bile duct ligation. A and B, liver injury was induced by double ligation of the common bile duct. Hepatic FAAH mRNA levels were determined by quantitative real-time PCR and normalized to 18s levels (A). *, p Ͻ 0.05. FAAH activity was determined in hepatic extracts as described under "Experimental Procedures" (B). *, p Ͻ 0.05. C and D, hepatic injury was induced by bile duct ligation (BDL) in FAAH Ϫ/Ϫ mice and FAAH ϩ/ϩ control mice. Five days after bile duct ligation, mice were sacrificed, and serum aspartate aminotransferase and alanine aminotransferase levels were measured (C). *, p Ͻ 0.05, determined by Mann-Whitney U test. Paraffin sections of liver after days of bile duct ligation were stained with hematoxylin and eosin for the detection of hepatocellular necrosis. Representative fields are shown at ϫ4 and ϫ10 magnification, and arrows indicate necrotic areas (D).
22)
. It is known that GSH levels decrease in animal models of bile duct ligation (39) . Therefore, it is likely that the high degree of liver injury in bile duct-ligated FAAH Ϫ/Ϫ mice is caused by the combination of absent FAAH activity and lower GSH levels. In agreement with previous studies that demonstrated elevated levels of AEA in several organs of FAAH Ϫ/Ϫ mice including liver (24, 26) , we found about 8-fold higher hepatic levels of AEA in FAAH Ϫ/Ϫ mice than in wild type mice (data not shown). Since FAAH is predominantly located at the cell membrane, our in vitro and in vivo results are consistent with the notion that FAAH deficiency increases the amount of AEA that cells are exposed to and thus predisposes them to cell death. Our study demonstrates that FAAH activity levels are decreased after bile duct ligation and after administration of CCl 4 (data not shown). Since GSH depletion occurs in several other pathological states of the liver and is especially remarkable in alcoholic liver disease (38) , it is conceivable that hepatic AEA signaling and cell death are modulated under pathological conditions such as alcoholic liver disease or biliary obstruction due to low hepatic GSH and FAAH levels. Our study did not detect considerable amounts of CB1 and CB2 mRNA in three different preparations of rat hepatocytes. Although this result is in contrast with a recent study that demonstrates CB1 expression in zone III hepatocytes in mouse liver (21) , it is possible that this is due to species differences or that CB1 expression disappears when hepatocytes are cultured. In hepatocytes, AEA-induced cell death was independent of CB1, CB2, or VR1 as judged by the use of receptorspecific antagonists. It remains to be determined whether FAAH prevents CB1-, CB2-, or VR1-dependent cell death in other cell types in a similar manner. Despite the majority of authors demonstrating that AEA induces apoptosis and not necrosis (40), we could not detect any signs of apoptosis in AEA-treated HSCs or hepatocytes. Future studies should address whether FAAH and GSH regulate AEA-induced apoptosis in a similar fashion and whether they play a role in determining AEA-induced cell death in other tissues besides the liver and in cancer.
In addition to its effects on AEA degradation, FAAH has also been suggested to determine the cellular uptake of AEA (35) . We overexpressed FAAH in FAAH Ϫ/Ϫ hepatocytes and in HSCs and compared the rates of AEA cellular uptake. Our results show that FAAH overexpression causes a small decrease in AEA cellular uptake that is most likely due to the rapid degradation of AEA. These results are in contrast to the hypothesis of Glaser et al. (35) , who suggested that the intracellular hydrolysis of AEA by FAAH creates a concentration gradient across the cell membrane and thus promotes AEA uptake. Several recent studies have come to the conclusion that AEA cellular uptake is not mediated by FAAH (41, 42) , but there is still considerable debate regarding this issue. Our results support the hypothesis that FAAH primarily serves to protect target cells from the effects of AEA. Previous studies have shown that hepatic FAAH expression and activity are the highest in the body and even exceed those of the brain (24 -26) . It remains to be speculated whether hepatic FAAH serves purposes in addition to protecting hepatocytes from AEA-induced cell death.
